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Low cycle fatigue (LCF) behavior of a single crystal superalloy was investigated at 760 1C. Microstructure evolution and fracture mechanism
were studied by scanning electron microscopy (SEM) and transmission electron microscopy (TEM), respectively. The results show that the
fatigue data ﬂuctuation was small and the fatigue parameters of the alloy had been determined. On increasing the cyclic number, the alloy initially
showed slight cyclic softening at the early two or three cycles and slowly hardened to some extent afterwards, then kept stable for the most of the
remaining fatigue life. The LCF of the alloy at 760 1C can be attributed to the main elastic damage in fatigue processing. The initiation site of
fatigue crack was at or near the surface of the samples. Crack propagated perpendicularly to the loading direction at ﬁrst and then along {111}
octahedral slip planes. The fatigue fracture mechanism was quasi-cleavage fracture. The γ0 phase morphology still maintained cubic shape after
fracture. There were a number of slip bands shear the γ0 precipitates and γ matrix near the fracture surface of the specimen. The inhomogeneous
deformation microstructure was developed by dislocation motion of cross-slip and a limited γ0 precipitate shearing by slip band, stacking faults or
single dislocation was observed.
& 2015 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Nickel-based single crystal superalloys are usually used as
turbine blade material for advanced aircraft engines due to
their excellent mechanical performance now [1,2]. These
blades are subjected to circulating stresses due to starting up
and turning off [3–5]. The multiaxial stress condition for the
operating turbine blades may be because of the complicated
blade shape, thermal gradient and aerodynamic force. The
multiaxial stress condition particularly locates in the blade
boot, where the blades connect with turbine disk in the engine
[6]. The fatigue fracture is the main mode of failure for the
blade, and the special attention is paid to the strain controlled
low cycle fatigue (LCF) properties of the single crystal/10.1016/j.pnsc.2015.01.009
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nder responsibility of Chinese Materials Research Society.superalloy. Hence, LCF property of the alloy is a major
attention related to the security and dependability of aircraft
engines [7–10]. It is of great signiﬁcance to investigate the
strain controlled LCF properties of the alloy at intermediate
temperature. The alloy used in this study was a new single
crystal superalloy developed in Beijing Institute of Aeronau-
tical Materials for aero-engine turbine blade applications. The
properties of the alloy are comparable to those of other three-
generation single crystal superalloys [11]. In the past few
years, much research has been carried out to investigate the
performance of the alloy [12–15]. However, reports on the
investigation on LCF behavior, the microstructure evolution
and fracture mechanism are very few. In support of the failure
analysis, application and development of the new generation
single crystal superalloy, it is imperative to study the LCF
behavior of the alloy. In order to simulate the service condition
of the blade roots the testing temperature of 760 1C for the
LCF tests for the alloy was chosen. The microstructureElsevier B.V. All rights reserved.
Table 1
Nominal chemical composition range of the alloy (mass fraction, %).
Element Cr Co Mo W Ta Re Nb Al Hf Ni
Content 2–4 7–10 2–5 6–9 7–10 3–5 0.5–1.5 5–6 0.1–0.5 Bal.
Fig. 1. Relationship between fatigue life and total strain amplitude of the alloy
at 760 1C.
Fig. 2. Plastic and elastic strain range versus two times number of cycles to
failure of the alloy at 760 1C.
Fig. 3. Cyclic stress response curves of the alloy at 760 1C.
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electron microscopy (SEM) and transmission electron micro-
scopy (TEM), respectively.
2. Experimental procedures
The nominal chemical composition range of the experi-
mental alloy is given in Table 1. The single crystal rods were
directionally solidiﬁed by means of crystal selection method to
produce [001] orientation in a directionally solidiﬁed furnace
with high temperature gradient. The crystal orientations of the
rods were analyzed with an X-ray diffractometer (XRD), and
the crystal orientation deviation of the rod was not larger than
71 from the [001] direction. The single crystal rods received
heat treatment according to the following regime: 1310 1C/
1 hþ1320 1C/2 hþ1330 1C/2 hþ1340 1C/4 h, ACþ1120 1C/
4 h, ACþ870 1C/32 h, AC. The standard samples for LCF
experiment were processed after heat treatment. The LCF
experiment was carried out at 760 1C in air. All the tests were
under strain load control. The triangular waveforms were used
and the strain ratio R was equivalent to 1. The specimens for
microstructure observation were etched with 5 g CuSO4þ25
ml HClþ20 ml H2Oþ5 ml H2SO4. TEM specimens were
cross-sectioned just below the fracture surface and processed
by the twin-jet polishing method. Fracture surfaces of the alloy
at different total strain ranges were analyzed using SEM.
Microstructures evolution of the alloy after fatigue fracture was
examined by SEM and TEM.
3. Results and discussion
3.1. LCF life
The LCF tests were conducted with different total strain
amplitudes at 760 1C. The relationship between LCF life and
total strain amplitude of the alloy is illustrated in Fig. 1. As
shown in the ﬁgure, the fatigue data ﬂuctuation is small and
the fatigue life shows a general trend that the fatigue life
reduced with the increase of total strain amplitude.
The classical Manson–Cofﬁn principle is usually used to
express the strain controlled LCF behavior. The total strain
range may be divided into the elastic and plastic strain ranges
and denoted with the following equation [16]:
Δεt=2¼Δεe=2þΔεp=2¼ ðσ0f =EÞð2Nf Þbþε
0
f ð2Nf Þc ð1Þ
where Δεt is the total strain range, Δεe is the elastic strain
range, Δεp is the calculated plastic strain range, Nf is the
number of cycles to failure, ε0f and σ0f are the fatigue ductility
and fatigue strength coefﬁcient, c and b are the fatigue ductility
and fatigue strength exponents, and E is Young's modulus.It should be pointed out that Δεt governs the stress level in this
study. The curves of the elastic and plastic strain ranges versus
two times number of cycles to failure at 760 1C are, respec-
tively, plotted in Fig. 2. Under all the experimental strain
amplitudes, plastic strain of the alloy was smaller than elastic
strain and reduced quickly on increasing the fatigue life. The
analysis of the LCF data indicated an obvious linear relation-
ship in the light of Eq. (1). The parameters related to LCF can
be calculated. The classical Manson–Cofﬁn principle of the
Fig. 4. Typical hysteresis loops of the alloy at total strain amplitude: (a) 1.0% and (b) 0.8%.
Fig. 5. Fatigue fracture surface of the alloy at 760 1C. (a)–(c) Δεt/2¼1.0%, Nf¼136; (d)–(f) Δεt/2¼0.9%, Nf¼689; and (g)–(i) Δεt/2¼0.8%, Nf¼2346.
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Δεt=2¼ 1:523ð2Nf Þ0:082þ0:43ð2Nf Þ0:36: ð2Þ3.2. Cyclic stress response behavior
The cyclic stress response curves of the alloy with the total
strain amplitude of 1.0%, 0.9%, 0.8%, and 0.7% at 760 1C are
illustrated in Fig. 3. The cyclic stress response curves of the
alloy display similar change under the various total strain
ranges. On increasing the cyclic number, the alloy initially
showed slight cyclic softening at the early two or three cycles
and slowly hardened to some extent afterwards, then kept to
stable for the remaining part of fatigue life. Finally the stress
value reduced quickly because of the rapid propagation of the
fatigue crack. The cyclic stress response behavior observed
above is almost the same as that of the DD6 alloy [17,18].
3.3. Cyclic stress–strain behavior
Fig. 4 shows the typical hysteresis loops at different total
strain amplitudes. The hysteresis loops are respectively offered
under the ﬁrst cycle (N¼1) and the mid-life cycle (N¼Nf/2,
where Nf is the number of cycles to failure). The maximum
tensile stress at the mid-life was larger than that at the ﬁrst
cycle. This may be attributed to the cyclic hardening, and it
was also supported by the observation of the cyclic stressFig. 6. γ0 phase microstructure of fatigue ruptured specimen (Δεt/2¼0.9%, Nfresponse curves in Fig. 3. The area of the hysteresis loop
indicates the energy density input into the specimen in each
cycle, which is the plastic strain energy [19]. The hysteresis
loop of the alloy at the total strain amplitude of 0.8% became
approximately a straight line. It demonstrated that the plastic
strain energy increased with increasing total strain amplitude.
However, these areas of the hysteresis loops at different
conditions were all very small. It indicates that the LCF of
the alloy at 760 1C can be attributed to the main elastic damage
in the fatigue process.3.4. Fatigue fractograph
The fracture surface of the alloy under various total strain
amplitude is illustrated in Fig. 5. Analysis on fractograph revealed
that the initiation site of fatigue crack was at or near the surface of
the samples. The fatigue crack initiated at multi-sites. The crack
initiation was located in the microporosity or oxide layer, as
shown in Fig.5(e) and (f) (indicated by the short arrow). Such
experimental result was demonstrated for the CMSX-4 alloy [20].
Once initiated, the crack would spread perpendicularly to the
stress direction at ﬁrst and then along different planes. When the
stress at the crack tip was higher than a critical point, the ﬁnal
quasi-cleavage fracture rapidly broke out. The fracture surface
consists of several planes. During plastic deformation, single
crystal superalloys deformed by the slip on the crystallographic
planes. There are three main slip systems (octahedral slip {111}¼689). (a) Far from fracture surface; (b) and (c) near the fracture surface
Z. Shi et al. / Progress in Natural Science: Materials International 25 (2015) 78–8382[011], octahedral slip {111}[112], cube slip {100}[110]) for the
face-centered cubic crystal, but when the test is carried out in the
intermediate temperature range, only the octahedral slip system
{111}[011] is found to be active for [001] orientation [6]. The
plane of the fracture surface is tilted about 501 toward the [001]
direction, indicating that the crack propagates along {111} planes.
It was documented that the single crystal superalloy may present
quasi-cleavage fracture characteristic at intermediate temperature
[21].
At the stage of crack growth, the fatigue beach arcs can be
visible on the fatigue fractograph, as shown in Fig. 5(c) and (g).
The growth orientation of fatigue crack can be seen from the
beach arcs, which are the diagnosis of fatigue fracture feature.
On increasing the space between two beach arcs, the propaga-
tion speed of fatigue crack increased at the stage of crack
growth. The long arrow indicates the growth direction of fatigue
crack. At this stage, the slip traces and stepwise characteristic onFig. 7. Dislocation conﬁguration of the alloy after fatigue fracture (Δεt/2¼0.8%, N
in γ channels; and (c) schematic diagram of dislocation structure formed by cross sl
phase and (f) single dislocation in the γ′ phase.the fatigue fractograph are shown in Fig. 5(h) and (i). The plane
formed into stepwise is the {111} octahedral plane.
3.5. Microstructure of the ruptured specimen
Fig. 6 illustrates the microstructure of the longitudinal
proﬁle of the fatigue fracture specimen. It shows that nearly
no change in shape and morphology of γ0 precipitates far from
the fracture surface of the specimen occurred during the fatigue
test process. There were a number of slip bands shear the γ0
phase and γ matrix near from fracture surface of the specimen
(indicated by short arrow). The noticeable feature is that these
slip bands have two different orientations in Fig. 6(c). This
feature indicates that the slip serves a signiﬁcant role in the
fatigue fracture mechanism.
Fig. 7 illustrates the dislocation microstructure of fatigue
fracture sample. It shows that the dislocation in the specimenf¼2346): (a) low density dislocation in γ channels; (b) high density dislocation
ip [22], (d) dislocation tangling in matrix channels, (e) stacking faults in the γ′
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in different areas. Fig. 7(a) and (b) illustrates the typical
structure of dislocations distributed in the γ matrix of the alloy.
The dislocation lines were parallel to the {001} plane and the
dislocation loops displayed very long and narrow shapes with
zigzagged features. These features might result from the cross
slip [22]. These conﬁgurations come into being on account of
many loops bowing out through the channels in the {111}
planes, as schematically shown in Fig. 7(c), which may
generate partial decrease of the lattice mismatch at the γ/γ0
interfaces. The coherency structure remains unchanged after
rupture, suggesting that the misﬁt at the interfaces has not been
fully accommodated. It also provides evidence of the observa-
tion that the morphology of γ0 phase maintained a cubic shape
in the process fatigue test, as illustrated in Fig. 6(a). Once these
dislocations moved to the same slip plane to come across each
other, the dislocation tangling in matrix channels may be
formed by the reaction of dislocation, as shown in Fig. 7(d).
This dislocation appearance is very similar to the dislocation
microstructure of the nickel base single crystal superalloy after
the rotary bending high cycle fatigue rupture at 700 1C [23].
The dislocation observations suggest that the glide of dislocations
in the alloy is a predominant deformation process at 760 1C. The
slip bands may be generated as the cyclic plastic deformation
continuously accumulated, as illustrated in Fig. 7(e). They could
become preferential location for fatigue crack origins, and crack
growth along them may also be easier [24]. The γ0 phase cut
through by stacking faults was also observed, as shown in Fig. 7
(f). The stacking fault has been observed in other investigations
for similar kinds of alloys [8]. Furthermore, the single dislocation
was occasionally observed to shear the γ0 precipitates, as shown
in Fig. 7(f). This indicates that under the present experimental
conditions, deformation by shearing of γ0 precipitates is not a
predominant mechanism.
4. Conclusions(1) The fatigue data ﬂuctuation was small and the fatigue life
shows a general trend that the fatigue life reduced with the
increase of total strain amplitude. The parameters of LCF
at 760 1C of the alloy had been determined.(2) With On increasing the cyclic number, the alloy initially
showed slight cyclic softening at the early two or three
cycles and slowly hardening to some extent afterwards,
then kept to be stable for the remaining part of fatigue life.
The LCF of the alloy at 760 1C can be attributed to the
main elastic damage in the fatigue process.(3) The initiation site of fatigue crack was at or near the
surface of the samples. Once initiated, the crack propa-
gated perpendicularly to the loading direction at ﬁrst andthen along {111} octahedral slip planes. Typical fatigue
beach arc formed at the stage of fatigue crack stable
growth. Its fatigue fracture mechanism was quasi-cleavage
fracture.(4) The γ0 precipitates morphology still maintained a cubic
shape after fracture. There were a number of slip bands
sheared γ0 precipitates and γ phase near the fracture surface
of the specimen. The inhomogeneous deformation micro-
structure was developed by dislocation motion of the cross-
slip and limited γ0 precipitate shearing by slip band, stacking
faults or single dislocation.References
[1] P. Caron, T. Khan, Aerosp. Sci. Technol. 3 (1999) 513–523.
[2] S. Walston, A. Cetel, R. Mackay, K. OHara, D. Duhl, R. Dreshﬁeld,
Superalloys, TMS, Pennsylvania, 2004, p. 15–24.
[3] Z.K. Chu, J.J. Yu, X.F. Sun, H.R. Guan, Z.Q. Hu, Mater. Sci. Eng. A 488
(2008) 389–397.
[4] H.U. Hong, J.G. Kang, B.G. Choi, I.S. Kim, Y.S. Yoo, C.Y. Jo, Int. J.
Fatigue 33 (2011) 1592–1599.
[5] F.M. Yang, X.F. Sun, H.R. Guan, Z.Q. Hu, Mater. Lett. 57 (2003)
2823–2828.
[6] J.S. Wan, Z.F. Yue, Mater. Sci. Eng. A 392 (2005) 145–149.
[7] H.U. Hong, B.G. Choi, I.S. Kim, Y.S. Yoo, C.Y. Jo, J. Mater. Sci. 46
(2011) 5245–5251.
[8] H. Zhou, Y. Ro, H. Harada, Y. Aoki, M. Arai, Mater. Sci. Eng. A 381
(2004) 20–27.
[10] D.Q. Shi, J. Huang, X.G. Yang, H.C. Yu, Int. J. Fatigue 49 (2013)
31–39.
[11] J.R. Li, S.Z. Liu, Z.X. Shi, Y.S. Luo, X.G. Wang, J. Iron Steel Res. 23
Suppl. (2011) 337–340.
[12] Z.X. Shi, J.R. Li, S.Z. Liu, Prog. Nat. Sci. Mater. Int. 22 (2012) 426–432.
[13] Z.X. Shi, J.R. Li, S.Z. Liu, Mater. Sci. Forum 747–748 (2013) 625–628.
[14] X.G. Wang, J.R. Li, Z.X. Shi, S.Z. Liu, Mater. Sci. Forum 747–748
(2013) 549–558.
[15] Z.X. Shi, J.R. Li, S.Z. Liu, X.G. Wang, Trans. Nonferr. Met. Soc. China
24 (2014) 2536–2543.
[16] Y. Li, B. Su, X.R. Wu, J. Aeronaut. Mater. 21 (2) (2001) 22–24.
[17] Z.X. Shi, J.R. Li, S.Z. Liu, M. Han, W.W. Liu, Trans. Mater. Heat Treat
32 (5) (2011) 41–45.
[18] W.W. Liu, D.Z. Tang, J.R. Li, S.Z. Liu, J.C. Xiong, J. Aeronaut. Mater.
32 (2) (2012) 8–12.
[19] P. Li, Q.Q. Li, T. Jin, Y.Z. Zhou, J.G. Li, X.F. Sun, Z.F. Zhang, Mater.
Sci. Eng. A 603 (2014) 84–92.
[20] A.J. Wasson, G.E. Fuchs, Superalloys, TMS, Pennsylvania, 2008, p. 489–497.
[21] S. Müller, J. Rösler, C. Sommer, W. Hartnagel, Superalloys, TMS,
Warrendale, 2000, p. 347–355.
[22] J.X. Zhang, T. Murakumo, H. Harada, in: Superalloys, TMS, Pennsylva-
nia, 2004, p. 189–195.
[23] Z.X. Shi, J.R. Li, S.Z. Liu, M. Han, Trans. Nonferr. Met. Soc. China 21
(2011) 998–1003.
[24] Z.K. Chu, J.J. Yu, X.F. Sun, H.R. Guan, Z.Q. Hu, Mater. Sci. Eng. A 496
(2008) 355–361.
